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Edited by Julian SchroederAbstract The Arabidopsis thaliana AtHMA4 is a P1B-type
ATPase that clusters with the Zn/Cd/Pb/Co subgroup. It has
been previously shown, by heterologous expression and the study
of AtHMA4 knockout or overexpressing lines in Arabidopsis [1–
3], that AtHMA4 is implicated in zinc homeostasis and cadmium
tolerance. Here, we report the study of the heterologous expres-
sion of AtHMA4 in the yeast Saccharomyces cerevisiae. AtH-
MA4 expression resulted in an increased tolerance to Zn, Cd
and Pb and to a phenotypic complementation of hypersensitive
mutants. In contrast, an increased sensitivity towards Co was ob-
served. An AtHMA4::GFP fusion protein was observed in endo-
cytic vesicles and at the yeast plasma membrane. Mutagenesis of
the cysteine and glutamate residues from the N-ter degenerated
heavy metal binding domain impaired the function of AtHMA4.
It was also the case when the C-ter His11 stretch was deleted,
giving evidence that these amino acids are essential for the
AtHMA4 binding/translocation of metals.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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It has been recently shown that AtHMA4, a P1B-type
ATPase, is involved in the long distance transport of Zn
and Cd in Arabidopsis thaliana [2,3]. Among the eight P1B-
type ATPases present in the A. thaliana genome [4], four
are predicted to be Cu/Ag transporters. Such function has
been demonstrated for AtHMA7 (RAN1) and AtHMA6
(PAA1) [5–7]. The four others, AtHMA1–4, are putative
Zn/Cd/Pb/Co ATPases. Recent studies using heterologous
expression and knockout or overexpressing mutant lines of
A. thaliana have conﬁrmed such a role in Zn and Cd trans-
port for AtHMA2–4 [2,3,8].
AtHMA2, 3 and 4 proteins are highly similar over the ﬁrst
750 amino acids (aa). On this part, they exhibit all the charac-
teristics of P1B-ATPases, i.e., eight transmembranous segmentsAbbreviations: aa, amino acids; EGFP, enhanced green ﬂuorescent
protein; ICP-AES, inductively coupled plasma-atomic emission spec-
trometry; CDF, cation diﬀusion facilitator; HMA, heavy metal asso-
ciated
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doi:10.1016/j.febslet.2005.01.065and at the N-ter hydrophilic extension a putative 70 aa HMA
domain (referred as PS01047 by PROSITE) including a metal
binding domain (MBD). Several studies have demonstrated
the role of HMA domains in the allosteric control of cation
transport rate [9,10]. A peculiar characteristic of AtHMA2–4
is the substitution of the highly conserved GMxCxxC motif
– usually found in MBDs – by a degenerated sequence
GICC(T/S)SE. This has led some authors to suspect this do-
main as non-functional [1]. Moreover, AtHMA2 and AtH-
MA4 exhibit long C-ter hydrophilic extensions which are
very unusual among P-ATPases and seem speciﬁc of plant
P1B-ATPases. Among the P1B-ATPases identiﬁed so far, AtH-
MA4 possesses the longest sequence resulting from a 450-aa
hydrophilic extension including as much as 44 cysteines and
a terminal stretch of 11 consecutive histidines (Fig. 1).
A preliminary study has shown that AtHMA4 induces an in-
creased tolerance to Cd when expressed in yeast (underlining
heterologous expression as a valuable tool to characterize the
role of the speciﬁc domains shared by AtHMA2–4 proteins
[1]). This tool was used in the present study to determine the
AtHMA4 substrate speciﬁcity. An AtHMA4D401A altered
protein, substituted in the ATPase strictly conserved sequence
DKTGT, allowed us to demonstrate that metal tolerance
enhancement in yeast was linked to the ATPase activity and
not to a simple metal chelation. Finally, mutagenesis studies
were performed to investigate the involvement of the N-ter
degenerated MBD, the CPC domain and the C-ter histidine
stretch in the metal transport function.2. Materials and methods
2.1. Cloning of the AtHMA4 cDNA
Cloning of the AtHMA4 cDNA was performed as previously de-
scribed in [11] except the primer pair used: 1HMA4 as 5 0-end primer,
and Rev14HMA4 as 3 0-end reverse primer, both designed on the BAC
sequence At2g19110. The full-length AtHMA4 cDNA was obtained in
a unique fragment by a two steps RT-PCR, cloned in the pCR–XL-
TOPO vector (Invitrogen), and sequenced (GenBank Accession No.
AF412407). Then, AtHMA4 cDNA was excised from the pCR–XL-
TOPO vector and cloned into the yeast expression vector pYES2 under
a galactose-inducible promoter. To obtain the AtHMA4DHis altered
version (deleted of the last 16 aa at the C-ter end), a Stop codon was
introduced by PCR in the AtHMA4 cDNA using the primer pair:
22HMA4 as forward and HMA4Stop as reverse oligonucleotides,
and the fragment was subcloned into the plasmid pYES2-AtHMA4.
To create the AtHMA4::EFGP fusion, the AtHMA4 cDNA was ex-
cised from the pCR–XL-TOPO vector and cloned in frame into the
pYES2-GFP vector [11].blished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic representation of the structure of AtHMA4. Site-directed mutagenesis substituted aa are shown with their position numbers in the
sequence. Asterisk indicates the insertion of the Stop codon to create the AtHMA4DHis altered form.
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The various substituted forms of AtHMA4 were obtained using the
Quickchange site-directed mutagenesis kit (Stratagene) using the
pYES2-AtHMA4::EGFP vector as a template.
2.3. Yeast strain and growth conditions
Saccharomyces cerevisiae reference strain BY4741 (MATa; his3D1;
leu2D0; met15D0; ura3D0) and mutant strains ycf1 (like BY4741 except
YDR135c::kanMX4), zcr1 (like BY4741 except YMR243c::kanMX4),
cot1 (strain BY4742: MATa; his3D1; leu2D0; lys2D0; ura3D0;
YOR316c::kanMX4) and end3 (like BY4741 except YNL084c::
kanMX4) were provided by Euroscarf (Frankfurt, Germany). YC-
F1::EGFP fusion cloned into the pYES2 vector was used to comple-
ment the ycf1 strain. Yeast transformation and growth conditions
were as described in [11].
2.4. Assays for metal tolerance
All metal tolerance assays were performed as previously described in
[11]. For the drop-test experiments on solid media, 2 lL of the yeast
cultures at O.D.600 nm = 2.0 was spread (1.6 · 104 cells) and three 10-
fold serial dilutions were made. Metal solutions (ZnSO4; CdCl2;
Pb(CH3COO)2; CoCl2) were added to the liquid or solid media at
the concentrations indicated in the ﬁgure legends.
2.5. EGFP observations
The yeast strains expressing the AtHMA4::EGFP fusion protein
were grown as described in [11]. EGFP excitation was performed at
470–490 nm using a DM505 dichroic mirror. Observations were car-
ried out at a magniﬁcation of 100·/1.35 na (UplanApo), under oil
immersion. The EGFP ﬂuorescence was monitored with a color cam-
era (Cohu Electronics), and analyzed with the analySIS software.
2.6. Measurement of metal content
Yeast cells were grown as described for metal tolerance assays. Cell
mineralization and heavy metal content determination by ICP were as
described in [11].3. Results
3.1. AtHMA4 localizes in the yeast microsomal fraction
Expression of AtHMA4 in yeast was evaluated using an
AtHMA4::EGFP fusion chimera. Western blots using anti-
EGFP horseradish peroxidase antibodies conﬁrmed the pres-
ence of the protein in the microsomal fraction (Fig. 2A). Under
ﬂuorescence microscopy, AtHMA4::EGFP ﬂuorescence was
observed as an intracellular punctuated staining (Fig. 2B).Such localization was unexpected since in planta AtHMA4 is
believed to function as an eﬄux pump and localized at the
plasma membrane in transient expression experiments [3].
However, some yeast plasma membrane proteins, such as
Ste6p, also exhibit a punctuated distribution due to a rapid
turnover resulting from endocytosis [12]. Such process could
aﬀect AtHMA4 whose sequence displays numerous dileucine
motifs hypothesized to initiate an endocytosis-mediated catab-
olism of this transporter [13]. Therefore, we monitored AtH-
MA4::EGFP localization in the end3 mutant of S. cerevisiae
which is known to be defective for endocytosis [14]. When ex-
pressed in end3, AtHMA4::EGFP showed a rim-staining pat-
tern revealing a partial localization at the plasma membrane
(Fig. 2C).
3.2. AtHMA4 confers an increased Cd/Zn/Pb tolerance to
wild-type and hypersensitive strains of S. cerevisiae
Based on its sequence, AtHMA4 has been predicted as a
putative Zn/Cd/Pb/Co transporter. Previous studies have
shown that alteration of the level of expression of AtHMA4
in planta or in heterologous systems leads in Zn, Cd and Pb
over tolerance/sensitivity [1–3]. When expressed in the wild-
type yeast strain, AtHMA4 was able to increase the yeast Cd
tolerance up to 150 lM as exempliﬁed by drop-test experi-
ments (Fig. 3). In the ycf1 context, a yeast mutant extremely
sensitive to Cd [15], AtHMA4 expression was able to restore
the tolerance to Cd to the level of the wild-type (Fig. 3). Inter-
estingly, the Cd tolerance enhancement conferred by AtHMA4
was unaﬀected by the GFP fusion at the C-terminal part of the
protein (see Fig. 5e). A series of drop-test experiments were
also carried out in presence of a range of Zn concentrations
(Fig. 4A). AtHMA4-transformants were slightly more resis-
tant to Zn than the wild-type strain, up to a concentration
of 25 mM. AtHMA4 was also expressed in the zrc1 context.
The zrc1 Zn hypersensitive strain is a deletion mutant of the
zinc ZRC1 vacuolar transporter belonging to the CDF family
[16]. As shown in Fig. 4A, AtHMA4 expression partially re-
stored the Zn tolerance of the zrc1 strain. Similar experiments
were performed with Pb acetate supplied in solid medium. In
agreement with a previous work [17], we observed that the
ycf1 strain was highly sensitive to Pb. When expressed in the
ycf1 context, AtHMA4 was able to partially restore the growth
Fig. 2. (A) Western blot analysis of the microsomal fractions of the transformant strain expressing AtHMA4, or the various chimeric constructions
fusioned with EGFP. 50 lg protein was loaded on 8% SDS–PAGE. The resolved proteins were electrotransferred on nitrocellulose membrane and
revealed with anti-EGFP horseradish peroxidase antibodies. Subcellular localization of the AtHMA4::EGFP fusion protein. (B) Confocal
microscopy observation of yeast cells expressing AtHMA4::EGFP. Top, transmission image; Bottom, EGFP ﬂuorescence image. Bar represents 10
lm. (C) Wild-type yeast cells (WT) or the endocytosis defective mutant (end3) were transformed with pYES2-EGFP (EGFP) or pYES2-
AtHMA4::EGFP (AtHMA4::EGFP). Yeast cells were visualized using Normarski (left) or ﬂuorescence (right) microscopy. Bar represents 10 lm.
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AtHMA4 was expressed in the Co hypersensitive mutant cot1,
defective for the corresponding CDF vacuolar transporter [18].
Surprisingly, the AtHMA4 expression enhanced Co sensitivity
of the wild-type (not shown) and cot1 strains (Fig. 4C). Other
metals were screened (Cu, Ag, Ni and Fe) but no change in
yeast tolerance to these metals was observed when AtHMA4
was expressed. Altogether, these results argue that AtHMA4Fig. 3. pYES2 alone, AtHMA4 and AtHMA4D401A were expressed in the w
were grown on solid SC minimal medium, supplemented with CdCl2 at theis able to accept the predicted metals, i.e., Zn/Cd/Pb/Co as
substrates, leading to diﬀerent phenotypes, metal tolerance
or sensitivity.
It has been shown above that AtHMA4 is able to rescue the
Cd hypersensitivity of the ycf1mutant. In this mutant, an ABC
transporter, YCF1 (Yeast Cadmium Factor 1), which drives
Cd-diglutathione complexes to the vacuole, is disrupted. It is
unclear until now whether P1B-type ATPases from the Zn/ild-type (WT) or Cd hypersensitive mutant ycf1 strains. The yeast cells
indicated concentrations. Plates were incubated at 30 C for 4 days.
Fig. 4. Wild-type strain (WT), Pb, Zn and Co hypersensitive strains (ycf1, zrc1, cot1, respectively), expressing pYES2 alone, AtHMA4,
AtHMA4D401A were grown on solid media containing Zn (A), Pb (B), or Co (C). Culture conditions were as described in Fig. 3. Heavy metals were
added to the medium at the indicated concentrations (Control indicated growth under standard conditions corresponding to 1.5 lM Zn).
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substrate. Interestingly, in a recent in vitro biochemical charac-
terization of AtHMA2 the presence of millimolar free cysteine
was required to observe the phosphorylation of the enzyme in
the presence of metal [8]. This result suggests that a conjugated
form of the metal is required as substrate. To determine if
AtHMA4 accepts as a substrate Cd-glutathione complexes,
we used buthionine sulfoximine (BSO), a known inhibitor of
the c-glutamylcysteine synthase [19]. In the presence of 70
lM Cd and 5 mM BSO, the ycf1 strain growth was completely
inhibited while wild-type-pYES2 and ycf1-YCF1 strains grewFig. 5. pYES2 alone, AtHMA4 and AtHMA4D401A were expressed in the
grown on solid SC minimal medium (a), supplemented with 70 lMCdCl2 and
ycf1 pYES2; 3: ycf1 YCF1; 4: ycf1 AtHMA4; 5: ycf1 AtHMA4::EGFP; 6: yslightly (Fig. 5b and c). Interestingly, the strains expressing
AtHMA4 or AtHMA4::EGFP grew at the same rate in the
presence or absence of BSO (Fig. 5d and e). This result shows
that, contrarily to YCF1, AtHMA4 does not need a glutathi-
one S-conjugated form of the metal to transport Cd.
3.3. AtHMA4 expression decreases the metal content in yeast
To determine whether increased tolerance to Cd and ycf1
phenotypic complementation were due to metal transport or
to a metal chelation, a D401A substitution in AtHMA4 (AtH-
MA4D401A) was generated. Asp-401 belongs to the strictlywild-type (WT) or Cd hypersensitive mutant ycf1 strains. Yeast were
5 mM BSO (b–f). In the control well (a), strains were 1: WT pYES2; 2:
cf1 AtHMA4D401A. Culture conditions were as described in Fig. 3.
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be the invariant residue phosphorylated in the activated en-
zyme during catalysis [20]. Thus, the transport function should
be impaired in the AtHMA4D401A mutant, as previously de-
scribed for AtHMA3 [11]. Indeed, as exempliﬁed in Fig. 2A,
this mutant form, when expressed in yeast, did not induce
any increased tolerance to Cd and Zn nor complementation
of the ycf1 and zrc1 strains (Figs. 3, 4 and 5f). Liquid culture
experiments carried out in the same range of cadmium concen-
trations used in drop-tests conﬁrmed the results obtained on
plates (data not shown). These results demonstrate that Cd
resistance induced by AtHMA4 expression results from the
transport activity of the enzyme. Additionally, Cd and Zn con-
tents in the wild-type yeast and AtHMA4-transformed strains
were compared by ICP-AES (Fig. 6). When AtHMA4 was ex-
pressed in the wild-type strain, the Cd content was drastically
diminished compared to the level found in pYES2-only trans-
formants (a drop of 50% and 62% in the Cd content for yeast
cells grown in the presence of 40 and 80 lM Cd, respectively).
Similar results were obtained for the Zn content determined
after growth of the yeast strains under standard conditions
(a drop of 40% was observed). In contrast, at very high Zn
concentration (20 mM), the Zn tolerant phenotype was inde-
pendent of a Zn decrease in the yeast strain expressing AtH-
MA4, as exempliﬁed in Fig. 6.3.4. Functional importance of the CPC, N-ter and C-ter MBDs
Given the strong Cd tolerance phenotype acquired by yeasts
expressing AtHMA4, site-directed mutagenesis was used to
determine the functional importance of the speciﬁc MBD of
AtHMA4 in Cd resistance. These experiments were carried
out with diﬀerent altered forms of AtHMA4::EGFP aﬀecting
the N-ter MBD, the CPC domain, the C-ter ﬁrst two dicysteine
motifs and His11 stretch. The expression of the diﬀerent altered
versions was veriﬁed by western blots (data not shown).
The P1B-type ATPases present one or more HMA domains
(70 aa in length including a MBD with the conserved sequence
GMxCxxC) in their hydrophilic amino-terminal region [21].
Instead of this conserved motif, AtHMA4 presents the degen-
erated sequence G25ICCTSE31. As shown in Fig. 7, all substi-Fig. 6. ICP-AES measurement of the metal content after 48 h cultures of pYE
Cd content when cells were grown in the presence of 40 or 80 lM Cd added
conditions (Control corresponding to 1.5 lM Zn) or in the presence of 20 mMtutions aﬀecting this degenerated core sequence had
deleterious eﬀects on the AtHMA4 complementation eﬃ-
ciency. Thus, in the presence of various Cd or Zn concentra-
tions, the AtHMA4C27A and AtHMA4C28A failed to
complement the ycf1 and zrc 1 strains, respectively. Neverthe-
less, the AtHMA4E31A altered version slightly rescued the
ycf1 (Fig. 7A) but not the zrc1 strains (Fig. 7B). These results
highlight an essential role of the double cystein motif in the
activity of the enzyme and to a lesser extent a functional role
of the glutamate that could participate in the metal binding
aim to its carboxylic group.
It has been shown in CadA, the Cd2+-ATPase of Listeria
monocytogenes, that both cysteine residues in the CPC motif
are essential for phosphorylation of the enzyme and substitu-
tions of these residues impair the function of the enzyme
[22]. A similar loss of function was observed when the ﬁrst cys-
teine from the CPC motif of AtHMA4 were substituted for a
serine (data not shown). Such result was unexpected since
few P1B-type ATPases, among which AtHMA1 rather close
to AtHMA4, bear such SPC degenerated motif [23].
The AtHMA4 protein presents an unusually large hydro-
philic C-ter extension of about 450 aa that brings numerous
putative MBDs such as 12 cysteine pairs. As the ﬁrst two pairs
are the only conserved at the C-ter part of the Cd/Pb trans-
porter AtHMA3 [11], we hypothesized that they could play
an important role for the metal transport function. However,
AtHMA4C754/5A and AtHMA4C782/3A substitutions,
aﬀecting the ﬁrst two cysteine pairs at the C-ter part of the pro-
tein, had no eﬀect on the ycf1 (Fig. 7A) and the zrc1 comple-
mentations (Fig. 7B).
A peculiarity of AtHMA4 is to present an eleven histidine
stretch at its C-ter part. Such an His-rich motif is found in
the N-ter part of few P1B-ATPases, such AtHMA1 from A.
thaliana or BXA1 from Oscillatoria brevis which transports
both monovalent and divalent cations [24]. Biochemical exper-
iments on the Cu2+ ATPase CopB from Archeoglobus fulgidus
have demonstrated that the deletion of the His-rich N-ter
MBD leads to a half decrease of the metal transport rate
[10]. When expressed in yeast, AtHMA4DHis, the form trun-
cated of the C-ter His11 stretch, failed to complement any of
the hypersensitive mutant strains (Fig.7). This result showsS2-only (WT) and AtHMA4-(WT AtHMA4) transformants. Left part,
to the culture medium; right part, Zn content under standard culture
Zn. Error bars represent SD based on ﬁve independent experiments.
Fig. 7. Functional study of various MBD of AtHMA4. The diﬀerent altered versions of AtHMA4::EGFP were expressed in (A) ycf1 strain, and (B)
zrc1 strain. Culture conditions were as described in Figs. 3 and 4.
1520 F. Verret et al. / FEBS Letters 579 (2005) 1515–1522that this histidine stretch, also found in AtHMA2, is essential
to the function of the protein.4. Discussion
4.1. AtHMA4 confers yeast tolerance to Cd/Zn/Pb and Co
sensitivity
In planta, AtHMA4 is strongly expressed at the periphery of
the root conducting vessels [3]. On the basis of the phenotypes
of AtHMA4 knockout or overexpressing mutant lines of
A. thaliana [2,3], it has been proposed that AtHMA4 could
participate in the long distance transport of Zn and Cd. In
the present study, we show that when expressed in S. cerevi-
siae, AtHMA4 induces an increased tolerance or a phenotypic
complementation of the Cd/Zn hypersensitive mutants. These
data are in good accordance with the previous results of Mills
et al. [1] who observed a functional complementation of zntA,
an Escherichia coli strain defective for the Zn/Cd P-type
ATPase eﬄux pump.
In the present study, we show that AtHMA4 is also able to
induce a tolerance to Pb in the ycf1 strain. Among the P1B-
ATPases characterized so far, only AtHMA3 and ZntA from
E. coli have been shown to confer a tolerance to Pb [11,25].
More surprising was the observation that instead of a pheno-
typic complementation, AtHMA4 expression in wild-type
and cot1 strains enhanced their Co sensitivity. In contrast,
overexpression of AtHMA4 in planta resulted in an increased
Co tolerance [3]. Despite we do not have a conclusive explana-
tion for such a phenotype at least two hypothesis can be pro-
posed. The protein could be partly addressed to a
compartment that is highly Co sensitive and less aﬀected by
the other metals. Alternatively, a Co-dependent relocalization,
despite not observed in ﬂuorescence microscopy, could target
AtHMA4 to an essential organelle membrane resulting in the
poisoning of the cell. Such a metal-dependent traﬃcking hasbeen described for the human Cu transporters ATP7A and
ATP7B [26,27]. In any case, heterologous expression in yeast
does not allow a direct extrapolation on the physiological
function of the protein in planta. Two recent publications rein-
force this observation; heterologous expression in S. cerevisiae
of TcHMA4, the Thlaspi caerulescens ortholog of AtHMA4,
led to contrasting phenotypes: an increased tolerance to Zn/
Cd/Pb in one study [28], a Cd sensitivity in the other one [29].
It is worthy to note that among all the metals tested in this
study, only the four ones predicted in silico as putative sub-
strates gave a speciﬁc phenotype to AtHMA4 transformants
compared to the wild-type strain.
4.2. AtHMA4 expression induces a Cd/Zn decreased content in
yeast
Measurements of the yeast metal content indicate that AtH-
MA4 expression induces a decrease in the intracellular Cd and
Zn levels of yeast cells (Fig. 6), when Zn was applied at a phys-
iological concentration. In addition, AtHMA4::EGFP obser-
vations showed that at least a part of the protein localizes at
the yeast plasma membrane. Such decrease in the yeast metal
content cannot be explained by a chelation process. Moreover,
the AtHMA4D401A altered version was unable to induce such
a drop in the yeast Cd content. Then, we propose that AtH-
MA4 confers Cd tolerance to S. cerevisiae through an active
mechanism allowing heavy metal eﬄux towards the extracellu-
lar medium. Such function is in good agreement with the pro-
posed functions of AtHMA4 in planta. Expressed in cells
neighboring the vessels, AtHMA4 would participate in metal
eﬄux to the apoplastic compartment favouring the loading
of Zn into the xylem, and Cd detoxiﬁcation [2,3]. Additionally,
when expressed in yeast, AtHMA4 could participate in the me-
tal loading of the vesicles revealed by the AtHMA4::EGFP
expression pattern. Such hypothesis is supported by the obser-
vation that at high Zn concentrations, Zn tolerance conferred
by AtHMA4 is not accompanied by a modiﬁcation of the yeast
F. Verret et al. / FEBS Letters 579 (2005) 1515–1522 1521Zn content. In such conditions, the very high Zn gradient
favouring Zn entry should likely limit AtHMA4 activity at
the plasma membrane. Thus, the tolerant Zn phenotype at
such high Zn concentrations could result from an intracellular
Zn redistribution through an AtHMA4-driven internalization
of the metal in cytoplasmic vesicles.
4.3. The N-ter degenerated MBD is involved in the transport
function
The deletion of the sixth CxxC motif of the human copper
transporter ATP7B prevents the complementation of the yeast
mutant strain ccc2 defective for the yeast copper ATPase
Ccc2p [30]. Nevertheless, in vitro studies have demonstrated
that truncated MBD versions of P1B-ATPase such as ZntA
of E. coli or CopA of A. fulgidus are still able to transport
heavy metals [31,32] with a 2/3 reduction of their transport
activity.
In the present work, we show that the C27A, C28A substitu-
tions prevent the phenotypic complementation of the zrc1 and
ycf1 strains. This suggests that, as in CadA from L. monocytog-
enes [22], the double cysteine motif is functional and essential
for the transport activity. InMBDs from copper P1B-type ATP-
ases and copper chaperones, cations are exclusively bound to
the two cysteines of the CxxC motif [33]. Our results highlight
the importance of three residues: the C27, the C28 (homologous
to the 1st classical cysteine), and the E31 (corresponding to the
classical 2nd cysteine). Thus Zn or Cd ﬁxation to the MBD of
AtHMA4 could involve both cysteines and the carboxylic func-
tion of the glutamate. Such a three partner ﬁxation of Zn is
illustrated by the crystal structure of the MBD from ZntA
[34]. In this case, the third metal chelator residue is the aspar-
tate from the GMDCxxC motif, which seems to be characteris-
tic of Zn transporting P1B-type ATPases.4.4. The ﬁrst two C-ter dicysteine pairs do not play a
fundamental role in the AtHMA4 transport function
While AtHMA4 presents 12 cysteine pairs at its C-ter
extension, AtHMA3 exhibits only one [11], presuming that
this conserved motif should be important. Our results clearly
show that this is not the case (Fig. 7). Similar results were
previously found in the study of CopA from A. fulgidus, since
the mutagenesis of C-ter cysteine residues downstream of the
8th transmembranous helix did not induce any eﬀect on the
Cu+ transport kinetics [32]. Nevertheless, a possible role for
these cysteines could be hidden in AtHMA4 by the numerous
other cysteine residues in the hydrophilic extension, whereas
they could be essential in AtHMA3 where the C-ter hydro-
philic extension is very short and does not present any other
cysteine residues.4.5. The C-ter His11 stretch is essential to AtHMA4 activity
Several metal transporters such as CDF or ZIP exhibit
poly(His) motifs supposed to play a role in metal transport
or transport regulation [35,36]. A peculiar characteristic of
AtHMA4 is to present an eleven His stretch at its C-ter exten-
sion end. Our results demonstrate that deleting the C-ter His11
stretch of AtHMA4 led to a non-functional transporter. Thus,
this domain could play a direct role in the transport function or
in the regulation of the enzyme. It could bind the metals to be
delivered to the active site. This is supported by the recent
observations that expression of the soluble C-ter extension ofAtHMA4 or TcHMA4 induced increased tolerance and accu-
mulation of metals in the yeasts [28,29]. These results empha-
size the importance of this C-ter part of AtHMA4 in the
functioning of the enzyme. Such a model of ‘‘self chaperone’’
has been suggested for the His-rich domain of the Cu/Zn super-
oxide dismutase of Haemophilus [37]. Only a biochemical char-
acterization of AtHMA4 will allow answering these questions.
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